Schistosomiasis is recognised as a major neglected tropical disease, second only to malaria in terms of its adverse socioeconomic and public health impact in tropical and subtropical third-world developing countries. The disease affects more than 249 million people worldwide, with more than 90% of those requiring treatment residing in Africa ([@B24], [@B60]). Schistosomiasis has been termed a \"silent pandemic\" due to the misery caused and decreased productivity of affected individuals ([@B37], [@B27]).

The worldwide distribution of *Schistosoma mansoni*, which causes intestinal schistosomiasis, is promoted by the broad geographic range of susceptible species of its intermediate host: pulmonate freshwater snails of the genus*Biomphalaria.* These snails serve as obligatory hosts for the larval stage, which infects humans. Of the more than 34 identified species of*Biomphalaria*,*Biomphalaria alexandrina*represents the intermediate host of *S. mansoni* in Egypt ([@B12], [@B37], [@B14]).

Different snail-specific factors are critical in determining*Biomphalaria* susceptibility to *S. mansoni*([@B40], [@B16]). Within this context, [@B41] found that susceptibility of *B. glabrata* to *S. mansoni* infection is a hereditary character. Moreover, resistance of *B. glabrata* to*S. mansoni* infection was found to vary with age; it is controlled in juveniles by at least four genes, each with several alleles, whereas in adulthood, only a single dominant gene determines this trait ([@B46], [@B50], [@B48], [@B56], [@B26]. In *Biomphalaria tenagophila*, two dominant genes determine resistance ([@B51]. Nevertheless, for *B. alexandrina,* little is known about the effect of age on genetic modulation and *S. mansoni*infection compatibility.

Another important factor determining the compatibility of *Biomphalaria*species to *S. mansoni* infection is the snail's internal defence system (IDS). Different IDS responses to invading *S. mansoni*give rise to different degrees of susceptibility ([@B15]). The *Biomphalaria*IDS is mainly composed of circulating haemocytes ([@B40], which can inflict significant damage to invading parasites by generating reactive oxygen species (ROS) through an oxidative respiratory burst. Once generated, the first ROS of the burst, superoxide anion (O~2~), can be metabolised to hydrogen peroxide (H~2~O~2~). The cytosolic enzyme Cu/Zn superoxide dismutase (SOD1) is produced by the snail haemocytes. SOD1 is a ubiquitous metalloenzyme that catalyses the reduction of highly reactive O~2~- to H~2~O~2~, a cytotoxic component that acts as a defence mechanism to combat the parasite inside the snail ([@B22], [@B3], Loker et al. 2010). Various studies have demonstrated that the H~2~O~2~produced by*Biomphalaria* snails kills *S. mansoni* through potential oxidative damage and hence affects the susceptibility of the snails ([@B34], [@B5]). Although the cytosolic location of snail Cu/Zn-SOD seems inconsistent with the need to direct H~2~O~2~ against a large extracellular parasite, H~2~O~2~ is stable and can readily diffuse across cell membranes. This is in contrast to O~2~-, which does not readily cross biological membranes, as its reaction with SOD1 occurs in the compartment where it is generated ([@B20], [@B6]).

SOD1 enzyme activity can be quantitated by measuring its resulting product using enzyme assays ([@B58]).

With the current interest in eliminating schistosomiasis, a considerable variety of control strategies have been proposed. Nevertheless, total elimination has not yet been achieved and new cases are continuously diagnosed. It is clear that breaking the life cycle of this parasite will decrease its transmission and this can be achieved by targeting its intermediate host snail. To realise this goal, novel intervention tools are needed ([@B57], [@B29]).

In 1958, Hubendick summarised a control method involving the reduction of a susceptible snail population by introducing a population that is known to be genetically resistant to the parasite. This method was later applied by [@B9] and [@B36]. Recent advances in our understanding of the genetics of host-parasite interactions have increased the interest in directing resistance genes into susceptible vector populations to render them resistant or even to exhibit low susceptibility when challenged by the parasite. Of course, a better long-term solution would be to generate the field resistant vector populations or those that are less susceptible to infection, an ecologically safer way of breaking transmission cycles ([@B59], [@B7]).

Studying the physiological and biochemical criteria that modulate*Biomphalaria* susceptibility to *S. mansoni* is pivotal to provide new insights into the control of the targeted mollusc. Indeed, studies concerning the genetic variability of *Biomphalaria*with different degrees of susceptibility to *S. mansoni*infection can add to the development of control strategies for schistosomiasis ([@B44]).

Within this context, the current work studied the impact of the age of*B. alexandrina*snails on alterations in their genetic outcome and internal defence. This was achieved by using different parasitological parameters and an SOD1 enzyme assay.

MATERIALS AND METHODS
=====================

*Parasitological study* - *Laboratory breeding scheme for snails* - The snails used in this study were originally obtained from water channels running in Alexandria Governorate (Egypt) and were maintained for two years in the Parasitology Department, Faculty of Medicine, Alexandria University, Egypt. The snails were housed in glass aquaria containing snail-conditioned water and were fed lettuce leaves, tetramine fish food and calcium carbonate, under suitable environmental laboratory conditions, using the method described by [@B18].

*Source and maintenance of the parasite* - *S. mansoni*cercariae were originally harvested from shedding *B. alexandrina*snails naturally infected with an Egyptian strain of *S. mansoni* and collected from Alexandria water channels. Maintenance of the *S. mansoni*life cycle was conducted between our laboratory snails and Swiss strain albino mice ([@B16]). Groups of 10 snails were placed in 200 mL beakers containing aged de-chlorinated tap water (DTW) under direct sunlight for 2 h. Each cercarial suspension was carefully shaken to obtain an even mixture and the average number of cercariae per mL was estimated. Mice were infected with 100 cercariae/mouse using the paddling tail-immersion technique according to the method described by [@B13]. All work with laboratory animals was conducted in accordance with the Egyptian National Animal Welfare Standards and was approved by the Ethical Committee of the Faculty of Medicine, Alexandria University. At seven weeks post-infection (p.i.), mice were sacrificed and their livers were used as a source of parasite eggs. The eggs were then exposed to light to stimulate miracidial release. The snails were exposed individually to eight-10 vigorously swimming freshly hatched miracidia under direct sunlight for 3-4 h and then were kept in the dark and maintained under previously described conditions ([@B16], [@B18], [@B38]).

*Selection of susceptible and resistant snail stocks* - Separation of resistant and susceptible isolates was achieved according to [@B62]. For the selection of resistant individuals, snails that remained uninfected after exposure to infection were isolated (F~1~) and reared singly for self-reproduction. Their progeny were selected as the experimental resistant group. Susceptible individuals were selected by isolation of snail progeny that yielded high infection frequencies (F~1~) and were then reared singly for self-reproduction; these progeny were selected as the experimental susceptible group ([@B62]).

*Experimental design* - Two groups (F~2~) were used in our experiments: 400 susceptible snails (group I) and 400 resistant snails (group II). Each group was further subdivided equally into two subgroups: 200 young susceptible (subgroup Ia) and 200 young resistant (subgroup IIa) snails were infected at the age of two months (before egg laying was initiated), at the size of 3-4 mm in diameter. Another 200 adult susceptible (subgroup Ib) and 200 adult resistant (subgroup IIb) snails were infected at the age of four months (after egg laying was initiated), at the size of 8-10 mm in diameter. Afterwards, the infected snails of each subgroup were returned to separate plastic aquaria and kept in darkness.

Two weeks later, 100 snails from each experimental subgroup were subjected to enzyme assay testing. The other 100 snails in each subgroup were used for the determination of parasitological parameters, starting from the 28th day post-exposure, twice weekly for three weeks. The experimental design used is illustrated in [Figs 1](#f01){ref-type="fig"}, [2](#f02){ref-type="fig"}.

Fig. 1:a scheme showing the followed experimental design with regards to the parasitological parameters.

Fig. 2:a scheme showing the followed experimental design with regards to cytosolic superoxide dismutase enzyme assay.

*Determination of susceptibility and resistance of individual snails of the four subgroups* - At four weeks post-exposure to the parasite, the snails from each experimental subgroup were individually checked for cercarial shedding twice weekly, repeatedly for three weeks. The susceptible and nonshedding snails of each subgroup were separated and returned to different containers. On the first day of detecting cercariae, the susceptible snails in each subgroup were isolated individually in small transparent plastic containers, each in 100 mL of aged DTW, and were kept in darkness throughout the shedding period. Each of the containers contained only one susceptible snail and was labelled with the experimental subgroup, the snail number, the pre-patent period (PPP) and the number of shed cercariae at each shedding assessment ([@B62], [@B61]).

Nonshedding individuals from each subgroup were returned together into a separate aquarium and were tested twice weekly for cercarial shedding until the 49th day p.i. At the end of the three weeks dedicated to shedding, nonshedding snails were examined under the dissecting microscope to make sure there are no arrested developmental stages present. Moreover, if any snail died during the PPP, it was squeesed between two slides, entirely dissected and inspected under a stereo-dissecting microscope to detect developing sporocysts, which appear as opaque discrete masses within the snail tissue ([@B10], [@B42].

Each shedding snail in all experimental subgroups was investigated for the following parasitological parameters.

*PPP* - PPP is defined as the period from the day of snail exposure to miracidia to the day immediately before the first shedding of cercariae ([@B23], [@B61]). Starting from the 28th day post-exposure, all subgroups were examined twice weekly until the 49th day post-exposure; each snail was tested individually.

*Infection rate (IR)* - The snail IR was calculated by dividing the number of shedding and positive crushed snails by the number of exposed snails. The percentage of susceptible and resistant snails in each subgroup was then determined ([@B19], [@B61]). The snail IR was calculated at the end of the experiment using the following equation:
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*Mean cercarial output (MCO)* - On the first day of cercariae detection, positive snails were separated individually and placed in plastic cups. The cercariae shed from each susceptible snail were counted under a stereomicroscope twice weekly for three successive weeks ([@B8], [@B19].
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*Mortality rate (MR)* - The number of dead snails for each subgroup was counted starting from the day of exposure to the parasite until the 49th day p.i. The number of dead snails in the breeding aquaria was recorded twice weekly. According to [@B61], the MR was calculated using the following equation:
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*SOD1 enzyme assay* - One hundred snails from each experimental subgroup were used for the enzyme assay. The assay was performed two weeks post-exposure to infection. Each snail was cleaned gently, dissected and examined under a stereomicroscope to detect developing sporocysts. Snails that did not show any sporocysts under the microscope were considered to be resistant.

Two control groups were used in the biochemical study: uninfected young snails and uninfected adult snails. Eight snails were included in each control group.

The soft tissue of the dissected snail was perfused with normal saline, blotted on tissue paper and weighed. The tissue was homogenised with phosphate-buffered saline (pH 7.2) by sonication for 2 min in a glass test tube; to prevent temperature elevation to protect the enzymes present, the tube was placed in a beaker containing ice. The homogenised tissue was centrifuged at 500 *g* for 4 min and the supernatant containing the proteins was stored in aliquots at -20ºC until use. This was repeated for each snail separately. The collected supernatants were used for an SOD1 enzyme assay.

The protein concentration for each homogenate supernatant was determined using Lowry's method ([@B54]). The SOD1 activity was determined by adding the substrate of the enzyme to the snail tissue homogenate and measuring the increase in absorbance over time during the reaction with a spectrophotometer according to [@B58]. A SOD1 enzyme assay kit, purchased from Biodiagnostic (Egypt), was used and relies on the ability of SOD1 to inhibit the phenazine methosulphate-mediated reduction of nitroblue tetrazolium. The kit was stored and prepared according to the manufacturer's instructions. Calculation:
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where Δ A control = the change in absorbance at 560 nm over 5 min following the addition of 5-methylphenazinium methyl sulfate (PMS) (R4) to the reaction mixture in the absence of the sample, Δ A sample = the change in absorbance at 560 nm over 5 min following the addition of PMS to the reaction mixture in the presence of the sample.
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*Statistical analysis* - Data were analysed using the IBM SPSS software package v.20.0 ([@B28]). Qualitative data are described using a number and percent and quantitative data are described using the range (minimum and maximum), mean, standard deviation and median. Comparisons between the different studied subgroups were tested using the chi-square test. When more than 20% of the cells showed an expected count of less than 5, correction for chi-square was performed using Monte Carlo correction. The distributions of quantitative variables were tested for normality using the Kolmogorov-Smirnov test, the Shapiro-Wilk test and the D'Agstino test. Moreover, histogram and QQ plots were used for vision testing. When a normal data distribution was revealed, parametric tests were applied; if the data were abnormally distributed, nonparametric tests were used. For normally distributed data, comparisons between the different studied subgroups were analysed using the F-test (ANOVA) and the post-hoc test (Scheffe) for pairwise comparisons. A significant test results are reported as two-tailed probabilities. The significance of the obtained results was judged at the 5% level ([@B30].

*Ethics*- All work with laboratory animals was conducted in accordance with the Egyptian National Animal Welfare Standards and was approved by the Ethica Committee of the Faculty of Medicine, Alexandria University.

RESULTS
=======

*Parasitological study - PPP* - Snails of each subgroup were individually examined for cercarial shedding twice weekly, starting from the 28th day after exposure to infection until the 49th day ([Table I](#t1){ref-type="table"}).

TABLE INumber of shedding snails in each of the examined pre-patent period (PPP) days in the studied subgroupsPPP (n = 100)Day28th32nd36th40th44th49thIa372716500IIa2^a^3^*a*^5^*a*^79^*a*^11^*a*^Ib11^*a,b*^14^*a,b*^16^*b*^17^*a,b*^9^*a*^7^*a*^IIb0^*a,c*^0^*a,c*^0^*a,c*^0^*b,c*^0^*b,c*^0^*b,c*^χ^2^79.451^*d*^45.965^*d*^23.200^*d*^22.716^*d*^18.848^*d*^20.710^*d*^p\< 0.001^*d*^\< 0.001^*d*^\< 0.001^*d*^\< 0.001^*d*MC^p \< 0.001^*d*MC^p \< 0.001^*d*^[^1]

The maximum number of shedding snails on the 28th day among the four subgroups was observed in the young susceptible subgroup (Ia). Statistically significant differences were recorded between individuals of the same group. These differences were demonstrated among the susceptible young (Ia) and susceptible adult (Ib) subgroups at all studied time points, except on the 36th day. In contrast, there were no significant differences between the young resistant (IIa) and adult resistant (IIb) subgroups at the earlier time points. Significant differences were found at the 40th, 44th and 49th days.

Additionally, significant differences between the young subgroups Ia and IIa at all the time points, except on the 40th day, were also observed. Furthermore, significant differences were found between the susceptible and resistant adult subgroups (Ib and IIb) on all days of shedding.

*IR %* - The percentage of susceptible and resistant snails in each subgroup was determined. IRs were 92%, 74%, 37% and 0% in the subgroups Ia, Ib, IIa and IIb, respectively. Statistically significant differences among the susceptible and resistant groups at different snail ages and among young and adult subgroups with different compatibility patterns were evident ([Table II](#t2){ref-type="table"}).

TABLE IIInfection rate (IR) among the studied subgroups IaIIaIbIIbχ^2^pIR (%)9237740200.315^*a*^\< 0.001^*a*^SigIa-IIa^*a*^, Ia-Ib^*a*^, Ia-IIb^*a*^, Ib-IIa^*a*^, Ib-IIb^*a*^, IIa-IIb^*a*^\--[^2]

*Total cercarial production (TCP) and MCO per susceptible snail* - The total number of cercariae produced by the susceptible snails in subgroups Ia, Ib and IIa was counted twice weekly over a period of three weeks. The mean number of cercariae shed by each susceptible snail in the different studied subgroups was calculated and is presented in [Tables III](#t3){ref-type="table"},[IV](#t4){ref-type="table"}. The young susceptible subgroup (Ia) yielded the highest MCO, at 298.1 ± 132.13 ([Tables III](#t3){ref-type="table"}, [IV](#t4){ref-type="table"}).

TABLE IIICercarial roduction in the studied subgroupsSubgroupsShedding snails (n)TCPMCOIa85151,002298.1 ± 132.13IIa379,87744.49 ± 32.35Ib7441,73294.13 ± 44.17IIb000.0 ± 0.0[^3]

TABLE IVMean cercarial shedding over three successive weeks per susceptible snail among the studied subgroups IaIIaIbIIbMin-Max97-59418-17320-2140-0Mean ± SD298.1 ± 132.144.5 ± 32.3594.13 ± 44.20.0 ± 0.0Median271.033.5090.500.0F test234.333^*a*^p\< 0.001^*a*^SigIa-IIa^*b*^, Ia-Ib^*b*^, Ia-IIb^*b*^, IIa-Ib^*a*^, Ib-IIb^*b*^, IIa-IIb^*a*^[^4]

*MR %* - The number of dead snails for each subgroup was counted from the day of exposure to infection until the 49th day p.i. The MR for each subgroup was 47%, 35%, 27%, 14% for subgroups Ia, Ib, IIa and IIb, respectively ([Table V](#t5){ref-type="table"}). A positive correlation between both infection and MRs of each subgroup was demonstrated, with mortality increasing with infection ([Table VI](#t6){ref-type="table"}).

TABLE VMortality rate (MR) among the studied subgroups at the different studied pre-patent periods with compatibility status of the dead snailsMR (%)Day28th32nd36th40th44th49thIa (47)7 (7S)02 (2S)5 (5S)14 (14S)19 (19S)IIa (27)2 (2R)3 (3R)3 (1R, 2S)5 (2R, 3S)6 (2R, 4S)8^*a*^ (4R, 4S)Ib (35)0^*a*^03 (3S)6 (6S)11 (10S, 1R)15 (13S, 2R)IIb (14)1 (1R)1 (1R)2 (2R)3 (3R)3^*a,b*^(3R)4^*a,b*^(4R)χ^2^27.085^*c*^11.897^*c*^0.4101.059.368^*c*^13.461^*c*^P\< 0.001^*c*MC^p = 0.015^*c*MC^p = 1.000^MC^p = 0.8740.025^*c*^0.004^*c*^[^5]

TABLE VICorrelation between infection rate (IR) and mortality rates (MR) in the studied subgroupsCorrelationIR (%)MR (%)pIa9247\< 0.001^*a*^IIa37270.130Ib7435\< 0.001^*a*^IIb014\< 0.001^*a*^r (p)0.983 (0.017^*a*^)-[^6]

*Enzyme assay* - The SOD1 enzyme activities in the noninfected (young and adult) subgroups were 0.26 ± 0.04 and 0.30 ± 0.03 U/g tissues, respectively. In the infected subgroups, the highest level of SOD1 enzyme activity was obtained in the adult resistant subgroup (IIb), with a mean of 0.90 ± 0.07 U/g tissues, whereas the lowest enzyme activity was in the susceptible individuals of the young susceptible subgroup (Ia), at 0.32 ± 0.03. The enzyme activity was higher in the resistant snails, regardless of their age, in comparison to susceptible and noninfected snails. Furthermore, the SOD1 activity was higher in the adult subgroups than in the young subgroups ([Table VII](#t7){ref-type="table"}).

TABLE VIIThe level of cytosolic superoxide dismutase enzyme (SOD1) per snail's gram tissue in U/g tissues among the studied subgroupsSOD1 (U/g)CaCbIa sIa rIIa sIIa rIb sIb rIIbMin-Max0.20-0.310.25-0.350.25-0.350.43-0.630.34-0.450.66-0.830.21-0.440.61-0.730.79-0.99Mean ± SD0.26 ± 0.040.30 ± 0.030.32 ± 0.030.55 ± 0.070.40 ± 0.030.76 ± 0.050.34 ± 0.070.68 ± 0.040.90 ± 0.07Median0.260.300.320.580.400.770.360.670.91F*----*209.018^*a*^*----*p*----*\< 0.001^*a*^*----*Sig\-\--*b-db*,*c*,*eb-fe*,*gb-f*,*hb-i*[^7]

DISCUSSION
==========

Infection of *Biomphalaria*species by the larval stage of *S. mansoni* leads to an intimate, long-term association that largely challenges the snail's physical integrity and severely compromises its biological fitness ([@B53]). Although the infective stage (miracidia) is small relative to the host, once inside the host's body, miracidia initiate major developmental changes to support their extensive growth and transformation to more specialised larval stages (de [@B11]). Based on a postulation of the short life span of miracidium in water, which at the same time gives rise to hundreds of cercariae, schistosome development inside its snail intermediate host can be considered the weakest link in the parasite's life cycle. Additionally, although a given parasite strain can only develop within a compatible snail, no such discrimination occurs in the human host. Therefore, snail control is highly effective in eliminating schistosomiasis and is also easier than changing human habits. For these reasons, searching for snail factors that prevent parasite development will help in designing tools that can be utilised for controlling schistosomiasis ([@B29]).

Genetic background and the IDS are snail-related factors that are known to affect the compatibility of *Biomphalaria* to*S. mansoni* ([@B45], [@B40]). Age-dependent variability in susceptibility to *S. mansoni* has been studied in *B. glabrata*([@B47], [@B56], [@B26]) and it was found that the number of genes controlling resistance differs with the age of the snail, which in turn affects the compatibility pattern ([@B46], [@B48]). Moreover, the number of genes controlling resistance varies among*Biomphalaria* species ([@B46], [@B48], [@B51]), which highlights the importance of studying the effect of age on the genetic outcome of *B. alexandrina*.

*Biomphalaria*'s IDS is the most important defence mechanism against*S. mansoni* infection. Haemocytes constitute a major IDS element. These cells produce the enzyme cytosolic SOD1, an important enzyme that catalyses the conversion of O~2~- to H~2~O~2~. The H~2~O~2~ produced by *Biomphalaria* snails kills *S. mansoni* through its potential oxidative damage, thereby affecting snail susceptibility ([@B6], [@B40]).

[@B21] found that SOD1 enzyme expression in *B. glabrata* differs among susceptible and resistant snails. However, the effect of the snail's age on the activity of this enzyme has not been evaluated.

Within this context, the current work examined the effect of the age of*B. alexandrina* snails on their genetic outcome and on the activity of SOD1 (as a representative of IDS). The present work was conducted using approaches involving both parasitological and biochemical techniques and was achieved by including 200 snails in each of four experimental subgroups: young susceptible (Ia), adult susceptible (Ib), young resistant (IIa) and adult resistant (IIb). In each subgroup, 100 snails were dedicated for parasitological examination that began four weeks post-exposure to miracidia and continued for the following three weeks. The other 100 snails were used for the biochemical study (SOD1 enzyme assay), which was performed at two weeks post-exposure to infection.

We investigated the effect of the age of snails on their compatibility pattern. Moreover, the effect of the interaction of snail age, genetics and internal defence on the outcome of infection was also examined.

Our results revealed that younger snails, belonging to either a susceptible or resistant group, showed higher susceptibility when compared to adult snails. Young susceptible snails exhibited the shortest range of PPP, with the majority of shedding snails being recorded by the 28th day, at 37 of 85 shedding snails. Moreover, the remainder of shedding snails in the same subgroup showed their first shedding before the 40th day p.i.: 27 snails shed cercariae for the first time on the 32nd day, 16 snails shed on the 36th day and five snails shed on the 40th day.

Regarding the adult susceptible subgroup (Ib), of 74 shedding snails, only 11 shed for the first time on the 28th day p.i. The maximum number of shedding snails was 16 and 17 recorded by the 36th and the 40th days, respectively. Additionally, PPP extended to the 49th day in seven snails.

[@B43] and [@B14] stated that high snail compatibility to trematode infection is characterised by a short PPP. The significant differences observed between subgroups Ia and Ib with regard to shedding durations indicate that subgroup Ia (young susceptible) carries higher susceptibility to *S. mansoni* infection, accompanied by rapid development of the parasite inside the snail.

As for subgroup IIa (young resistant) shedding members, the maximum number of shedding snails for the first time was 11 that were recorded by the 49th day with only two snails shed for the first time by the 28th day. Conversely, the snails belonging to the adult resistant subgroup IIb displayed only the resistant phenotype, with no recoded PPP. Subgroup IIa (young resistant) showed a significant difference compared to subgroup IIb (adult resistant), which contained only resistant individuals, indicating higher susceptibility of the former. These significant differences between subgroups Ia and Ib and between IIa and IIb can be attributed to the effect of age.

It was not surprising that the compatibility pattern also affected the outcome of infection, as evidenced by the significant differences between subgroups Ia and IIa and between subgroups Ib and IIb. Moreover, the significant differences recorded between young resistant, susceptible snails and adult susceptible, susceptible snails (IIa and Ib) may be attributed to the effect of the interaction between age and genetics on compatibility patterns. This was represented by a longer PPP in the susceptible individuals in subgroup IIa than in snails of the aforementioned adult susceptible subgroup.

In the current study, some individuals of subgroups IIa and Ib displayed a PPP of 49 days. The delay in parasite development in these snails indicates their lower susceptibility to infection. A comparison between the young resistant (IIa) subgroup and adult susceptible (Ib) subgroup revealed that 11 snails shed for the first time on the 49th day in the former group, but only seven in the latter. However, this difference was not statistically significant, indicating that both age and compatibility pattern are important in determining the outcome of infection.

[@B47] stated that genetic factors determining *B. glabrata* juvenile nonsusceptibility operate throughout the snail's life, masking the presence of the factors for adult susceptibility and, thus, unfortunately complicating studies on the influence of age on snail susceptibility.

The highest IR in the present study was exhibited by the snails belonging to the young susceptible subgroup Ia. In total, 92% of subgroup Ia (young susceptible), 74% of subgroup Ib (adult susceptible) and 37% of subgroup IIa (young resistant) were susceptible. All snails in subgroup IIb (adult resistant) were resistant. It should be noted that even the snails that died during the course of the experiment were included in the statistical analysis; these snails were examined for developing sporocysts.

Although our experiment was carried out on snails resulting from self-reproduction, some resistant snails were obtained in the progeny of susceptible individuals, indicating the dominance of the resistance character in *B. alexandrina*. In their studies, both [@B55] and [@B16] observed the appearance of resistant snails originating from cross of susceptible parents. A probable explanation for the resistant members obtained in the susceptible subgroups is that, although resistance alleles are sometimes not expressed in the snail phenotype, they can accumulate through generations to produce a resistant phenotype that appears in later progeny. That is, the parents of these resistant snails harboured unexpressed resistance genes, which subsequently accumulated among successive generations ([@B16]). Similarly, the resistance character in *B. glabrata* snails is inherited in a dominant manner ([@B49], [@B32]. [@B1] and [@B17] found that both susceptibility and resistance in *B. alexandrina* are hereditary characters and are genetically controlled.

In contrary to [@B32], who found that susceptible *B. glabrata* parents did not give rise to any resistant progeny, susceptible subgroups in the current study resulted in 8-26% resistant individuals in the two age groups. This could be explained by the proposal of [@B16] that a susceptible population of *B. alexandrina* may contain more resistance alleles than *B. glabrata*, thus accounting for the appearance of resistant progeny originating from completely susceptible parents. Although the two susceptible subgroups contained resistant snails, the significant difference noted between them suggests that the resistant alleles obtained from F~1~parents were potentiated by the impact of age, resulting in the appearance of more resistant individuals in the adult susceptible subgroup (Ib).

In the current work, no susceptible members were obtained in the adult resistant subgroup (IIb). This result was also observed in other studies using different species ([@B32], [@B51], [@B16])*.*However, 37 susceptible members were recorded in our young resistant subgroup (IIa), which reinforces our assumption on the effect of the age of*B. alexandrina* on snail compatibility pattern. The appearance of susceptible individuals in the young resistant subgroup could also be explained by its weaker internal defence when compared to the adult resistant subgroup. This was proven by the significant difference noted in SOD1 enzyme activity between resistant snails in the young and adult resistant subgroups, at 0.68 ± 0.04 and 0.90 ± 0.07 U/g tissues, respectively.

[@B2] attributed the lower IRs of adult snails compared to younger snails to a number of different factors. First, older snails possess physical barriers to penetration imposed by their tough thickened body covering. Additionally, they produce greater quantities of mucus, which replete with chemicals that confuse searching miracidia. Moreover, adults possess a higher phagocytic capacity. Older snails also move faster and are thus more difficult to locate by miracidia. Furthermore, egg-laying capacity could be among the factors causing more resistance in adult snails, wherein the snail expends all its energy on reproduction, as stated by [@B46].

Our main goal was to ascertain whether resistant alleles transmitted from susceptible parent snails to their young progeny are more functional at the adult stage and our results suggest that they are. We propose that resistance alleles in the susceptible population may become more functional through the snail aging process, which is responsible for the lower susceptibility in adult *B. alexandrina*snails.

The highest susceptibility in the young susceptible subgroup was also evidenced by the highest TCP among the four studied subgroups, at 151,002. This was followed by the adult susceptible subgroup, which produced 41,732 cercariae over the three weeks of shedding. The young resistant subgroup ranked next, with 9,877 over the shedding weeks. According to the Frandsen classification, the three subgroups can be categorised in classes 4, 2 and 1 (well compatible, poorly compatible and not very compatible, respectively). Regarding the adult resistant subgroup, no cercariae were produced at all, placing this subgroup in Frandsen class 0 or resistant snails ([@B19]).

The recorded MRs in the present study were 47%, 35%, 27% and 14% in subgroups Ia, Ib, IIa and IIb, respectively and were directly proportional to the IRs in the different subgroups. The higher MRs noted in the susceptible compared to the resistant groups could be explained by the devastating effects of *S. mansoni*on snail health.*S. mansoni*is considered a parasite that exerts a selective pressure on the susceptible population. During its development,*S. mansoni*sporocysts invade *Biomphalaria*'s digestive gland and the adjacent gonads, leading to destruction of these organs ([@B31]). Thus, infection becomes an element of natural selection, which is highly negative for infected snails ([@B52]. Moreover, the disturbance in metallic ion concentrations due to trematode infection is considered another cause of mortality in parasitised snails ([@B39]. Furthermore, the exposure of susceptible snails to a high dose of infection (8-10 miracidia) per snail at the same time may explain the higher mortality recorded in the laboratory, as the majority of these miracidia are thought to develop without much restraint. In contrast, under natural conditions, the snail is not likely to be exposed to such a high number of miracidia at a given time ([@B10].

The MRs recorded in the two resistant subgroups were 35% and 14%, subgroups IIa (young resistant) and IIb (adult resistant), respectively. The mortality of the resistant snails can be attributed to a high concentration of the SOD1 enzyme, which produces H~2~O~2~, a highly ROS. Although these reactive species are beneficial for combating the invading parasite, they also seriously damage biological membranes in the host tissue, the so-called \"cost of resistance\" ([@B6], [@B7]); hence, ROS are considered a double-edged sword ([@B4]). [@B35] stated that exposure alone of *B. alexandrina*snails to *S. mansoni*miracidia has a negative impact on snail survival rates.

In the present work, we functionally investigated the activity of the SOD1 enzyme in a whole-snail soft tissue homogenate at two weeks after exposure to infection. For the control noninfected snails, the results were 0.26 ± 0.04 and 0.30 ± 0.03 U/g of SOD1 activity in the noninfected young and adult groups, respectively. No significant difference was calculated between the two control groups. Cytosolic SOD1 is present during the course of the snail lifetime to protect cells against damage by the free radicals that are generated due to normal metabolism ([@B5]).

Regarding the results of the experimental subgroups in the current study, the combined effects of both age and compatibility pattern resulted in the highest SOD1 activity in the adult resistant subgroup, with a mean of 0.90 ± 0.07 U/g tissue. In contrast, the lowest enzyme activity was found in the susceptible snails of the young susceptible subgroup, at 0.32 ± 0.03 U/g tissue. Furthermore, as shown in[Table VII](#t7){ref-type="table"}, the SOD1 activities were higher in the resistant individuals of the studied subgroups than in the corresponding susceptible individuals. This indicates the importance of this enzyme in determining a snail's compatibility status. Our results of higher SOD1 activity levels in resistant vs. susceptible snails are in agreement with [@B22], [@B20], [@B34], [@B5] and [@B3], who reported an increased number of haemocytes generating superoxide in*S. mansoni* resistant snails. The resulting free radicals were efficient for encapsulating or eliminating the parasite in resistant snails, but failed in the case of susceptible snails ([@B34]).

It is worth mentioning that studies on the genes of a resistant *B. glabrata* strain have revealed that polymorphisms in the gene encoding cytosolic SOD1 are associated with susceptibility/resistance; such results reinforce the role of SOD1 in schistosome resistance ([@B20], [@B21], [@B6]).

The results of the present work showed that the age of*B. alexandrina* snails affects SOD1 activity levels. Significant differences in SOD1 activity levels between young and adult snails obtained from the same (F~1~) parent were observed, with a higher activity at the adult stage. [@B21] reported that*Biomphalaria*SOD1 is encoded by three alleles and one was found to be significantly associated with resistance. Furthermore, some alleles controlling compatibility were found to be affected by snail age ([@B46], [@B50], [@B48]). Within this context, it would be interesting to assess whether the genes encoding SOD1 are among the other genes that are modified by snail age.

In summary, the significant differences in all parasitological and biochemical parameters between young and adult snails in the same group were attributed to the age effect, which made resistance alleles more functional in adults, with higher SOD1 enzyme activity. Moreover, the complex interaction between age, genetic background and IDS between the susceptible and resistant subgroups results in great variability in compatibility patterns. This interaction led to the appearance of the highest significant difference between the young susceptible (Ia) and adult resistant (IIb) subgroups.

The results presented herein can have potential epidaemiological implications in*Biomphalaria* control. By determining the age at which a snail is most susceptible to *S. mansoni* infection, the optimal timing for the application of molluscicides could be identified. This in turn would increase the efficacy of the applied method, potentiating schistosomiasis control. Moreover, identification of the most resistant snails is important for use in later biological snail control, after studying the compatibility of successive generations.

Investigations of genes encoding enzymes involved in the respiratory burst are recommended. In particular, the genes responsible for the production of H~2~O~2~ should be targeted as potential candidates for genetic *loci* causally related to the susceptibility/resistance of*B. alexandrina*to *S. mansoni* at different snail ages.

[^1]: *a*: significance with subgroup Ia (young susceptible); *b*: significance with subgroup IIa (young resistant); *c*: significance with subgroup Ib (adult susceptible); *d*: statistically significant at p ≤ 0.05; IIb: adult resistant subgroup; MC: Monte Carlo test; n: number of members in each subgroup; χ^2^: value for chi-square test.

[^2]: *a*: statistically significant at p ≤ 0.05; Ia: young susceptible subgroup; Ib: adult susceptible subgroup; IIa: young resistant subgroup; IIb: adult resistant subgroup; Sig: significance between subgroups using chi-square test (χ^2^).

[^3]: Ia: young ceptible bgroup; Ib: adult ceptible bgroup; IIa: young resistant subgroup; IIb: adult resistant subgroup; MCO: mean cercarial output (mean number of cercariae/snail/shedding time); TCP: total number of cercariae/subgroup. Normally distributed data were expressed in mean ± standard deviation.

[^4]: *a*: statistically significant at p ≤ 0.05;*b*: statistically significant at p ≤ 0.001; Ia: young susceptible subgroup; Ib: adult susceptible subgroup; IIa: young resistant subgroup; IIb: adult resistant subgroup; Sig: significant difference between subgroups using post-hoc test (Scheffe). Normally distributed data were expressed in mean ± standard deviation (SD) and was compared using F test (ANOVA).

[^5]: *a*: significance with subgroup Ia (young susceptible); *b*: significance with subgroup Ib (adult susceptible); *c*: statistically significant at p ≤ 0.05; IIa: young resistant subgroup; IIb: adult resistant subgroup; MC: Monte Carlo test; R: resistant; S: susceptible; χ^2^: value for chi-square test.

[^6]: *a*: statistically significant at p ≤ 0.05; Ia: young susceptible subgroup; Ib: adult susceptible subgroup; IIa: young resistant subgroup; IIb: adult resistant subgroup; p: p-value for chi-square test; r: Pearson coefficient.

[^7]: *a*: statistically significant at p ≤ 0.05;*b*: significance with group uninfected young;*c*: significance with group uninfected adult; d: significance with subgroup Ia (young susceptible members);*e*: significance with subgroup Ia (young resistant members); *f*: significance with subgroup IIa (young susceptible members); *g*: significance with subgroup IIa (young resistant members); *h*: significance with subgroup Ib (adult susceptible members);*i*: significance with subgroup Ib (adult resistant members); Ca: young noninfected; Cb: adult noninfected; Ia r: young susceptible subgroup (resistant members); Ia s: young susceptible subgroup (susceptible members); Ib r: adult susceptible subgroup (resistant members); Ib s: adult susceptible subgroup (susceptible members); IIa r: young resistant subgroup (resistant members); IIa s: young resistant subgroup (susceptible members); Sig: significance between subgroups was done using post-hoc test (Scheffe). Normally distributed data were expressed in mean ± standard deviation (SD) and was compared using F test (ANOVA).
